Thirty-seven pigs were used to evaluate the effects of age and weaning on the level of protease in the gastric mucosa and trypsin, chymotrypsin, amylase and lipase in the pancreas. There was a positive allometry of the pancreas and gastric mucosa associated with age and with weaning to a solid diet. Increases with age in total activity of chymotrypsin, trypsin, amylase and gastric proteases were due to increases in both tissue weight and enzyme activity per gram of tissue. A general depression in pancreatic enzymatic activities, but not in gastric proteolytic activity, was found during the first week following weaning. Forty pigs were used in a second trial to evaluate the effects of age and weaning diet on the same digestive enzymes. Total activity of all enzymes assayed increased with time postweaning. Increases in total activity of lipase and chymotrypsin were due primarily to increased pancreatic weight postweaning. Amylase. trypsin and gastric protease increases were due both to increased tissue weight and increased activity per gram of tissue. There were no effects of diet on the weight of gastric mucosa or the level of activity of the gastric proteases. Pigs fed a diet containing 20% whey had larger pancreases (P<. 10) at slaughter and a greater, but nonsignificant, mean activity per gram of pancreas for all pancreatic enzymes. It appears that the pig has sufficient pancreatic and gastric enzyme activity so that performance should not be limited, with the possible exception of the period shortly after weaning. However diet digestibility and subsequent pig performance may be more directly related to the extent of release of these enzymes into the intestine and the conditions that exist therein.
Introduction
The digestive capabilities of the gastrointentinal tract play a major role in the performance of the pig. The desire to wean pigs at a younger age means that solid feed becomes the sole source of nutrients, rather than a supplemental source, at an earlier age. A greater understanding of the digestive physiology of the pig at various time points from birth, as well as changes which are concommitant with weaning, is necessary to maximize performance of the young pig.
The importance of the pancreatic secretions to diet digestibility was demonstrated by Pekas et al. (1964) , who studied the effects of pancre- Received May 8, 1985 . Accepted November 22, 1985 atic duct ligation on digestibility of soybean and milk protein in pigs ranging in age from 2 to 8 wk. Protein and dry matter digestibility were significantly reduced by ligation of the pancreatic duct. The reduction in digestibility was of a greater magnitude for pigs fed the soybean protein diet. In the case of soybean protein, the role of the pancreas decreased slightly relative to the other digestive secretions with advancing age, as evidenced by increased digestibility with time after ligation. This did not occur in pigs on a milk protein diet. Several studies have examined the changes in pancreatic enzyme levels with age (Kitts et al., 1956; Hudman et al., 1957; Lewis et al., 1957; Walker, 1959; Hartman et al., 1961; Corring et al., 1978) . Interpretation of these results is difficult due to extremely high variability, inadequate activation of proteolytic zymogens, failure to standardize the time since the last meal, or the confounding effect of introduction of creep feed, which may not have been ingested equally by all pigs. Digestive enzyme studies with rats (Bucko and Kopec, 1968; Snook, 1969 Snook, , 1971 and with pigs (Corring and Saucier, 1972; Mourot and Corring, 1979; Shields et al., 1980b) have shown an adaptation in enzyme levels in the pancreas in response to dietary changes. The dietary changes, however, have been large changes in quantity of dietary protein, fat or carbohydrates. In contrast, feeding various protein sources (Pond et al., 1971) to pigs weaned at 2 d of age failed to alter enzyme levels in the pancreas.
This study was initiated to evaluate further the effects of age and weaning, as well as the effects of adding a conventional level of dried whey to the postweaning diet, on the level of proteolytic enzymes of the gastric mucosa and of trypsin, chymotrypsin, amylase and lipase in the pancreas of young pigs.
Experimental Procedures
In trial 1 six litters of pigs were used. Dams were fed standard corn-soybean meal gestation and lactation diets that met or exceeded current NRC nutrient recommendations (NRC, 1979) . Before weaning, sows and their litters were housed in fully slatted farrowing crates in an environmentally regulated building. A piglet from each litter was randomly chosen at birth and at weekly intervals through 6 wk of age for slaughter and enzyme determination. No creep feed was provided to the piglets while they were nursing the sow; however, piglet access to sow feed. was not inhibited. At 4 wk of age, pigs remaining in the litter were weaned and placed in 1.2 x 1.2 m pens in a double-deck nursery unit. Pens were fully slatted and feed (control diet, table 1) and water were supplied ad libitum.
Pigs slaughtered at birth were removed from the sow prior to nursing. All other pigs were removed from the farrowing crate or nursery pen in mid-afternoon and subjected to a 15-to 16-h fast before slaughter in an attempt to empty the gastrointestinal tract and allow repletion of enzyme stores.
Pigs were killed by an overdose of sodium thiamylal 4 administered via the jugular vein.
4Biotal, Bio-Ceutic Laboratories Inc., St. Joseph, MO. 5Ultra-Turrax, Tekman Co., Cincinnati, OH. 6Triton X-100, T-6878, Sigma Chemical Co., St. Louis, MO.
7Enterokinase, E-8128, Sigma Chemical Co., St. Louis, MO.
STRIS, Tris (hydroxymethyl) amino methane, T-1378, Sigma Chemical Co., St. Louis, MO.
The pancreas and stomach were excised and processed. The pancreas was freed of all extraneous material and a portion (about 1 g) was homogenized 5 at 17,000 rpm for 45 s in physiological saline containing .1% Triton X-1006 . The stomach was opened, washed gently with physiological saline and then scraped with a glass slide to remove the mucosa. The gastric mucosa sample was homogenized in a manner similar to the pancreas in saline-Triton solution.
Homogenates were centrifuged under refrigeration (4 to 6 C) at 13,000 x g for 15 min. A portion of the pancreatic supernatant was used for immediate lipase determination using an olive oil substrate (Schmidt et al., 1974) . The remaining supematant was frozen in liquid N 2 and stored at-7 C until determination of the activity of the other enzymes. Freezing and thawing has been reported not to affect the activity of trypsin (Gorrill and Thomas, 1967) , chymotrypsin (Gorrill and Thomas, 1967) , amylase (Rick and Stegbauer, 1974) or the gastric proteases (Rick and Fritsch, 1974 ).
An aliquot of the supernatant was removed from the freezer and thawed at room temperature prior to conducting the enzyme assays for trypsin (Rick, 1974a) , chymotrypsin (Rick, 1974b) , amylase (Rick and Stegbauer, 1974) and the gastric proteases (Rick and Fritsch, 1974) . Gastric mucosal proteolytic zymogens were activated by adjusting the mucosal supernatant to pH 2.0 ___ . 1. Activation of pancreatic zymogens (trypsinogen and chymotrypsinogen) was accomplished by a pre-incubation period prior to the assay in which an aliquot of supernatant equivalent to 100 mg wet pancreas weight was combined with 1 ml of enterokinase 7 solution (4 mg protein/ml in physiological saline), and then further diluted to 10 ml with .2M TRIS 8 buffer containing .05% CaCI 2. This dilution was stored for 24 hr at 4 to 5 C. The enterokinase solution exhibited a trace of trypsin activity, which was subtracted from the total activity of the sample. There was no chymotrypsin activity in the enterokinase solution.
In trial 2 five litters of pigs were used. Eight pigs from each litter were randomly assigned to diet and slaughter age of 5 or 6 wk in a factorial arrangement of treatments. The diets were cornsoybean meal based starter diets with or without the addition of 20% dried whey (table 1) .
The pigs were housed in .9 • 1.2 m, fully slatted double-deck nursery pens with plastic manure-collecting trays below each pen. Pigs LProvided the following in the complete diet (ppm): chlortetracycline, 110; sulfamethazine, 110; penicillin 55.
were weaned by litter at 4 wk of age and then penned by diet, four pigs/pen. After removal of pigs that were slaughtered at 5 wk of age, two pigs remained in each pen until they were slaughtered at 6 wk of age. No creep feed was provided to the piglets while they were nursing the sow. Postweaning feed and water were supplied ad libitum. Pigs were fasted 24 h prior to slaughter. All other slaughter, tissue processing and enzyme assay procedures were identical to those employed in trial 1. The data were analyzed using the General Linear Models procedure of the Statistical Analysis System (SAS, 1979) . The data were first subjected to a residual analysis to detect outliers. Following this an analysis of variance was performed. For trial 1 the model included the effect of sex; the age effect was partitioned into linear, quadratic and cubic components. For trial 2, an analysis of variance using a randomized complete-block design with a factorial arrangement of treatments was performed.
Results and Discussion
No piglets from three of the six litters were taken at birth because of the lack of assurance that the piglets had not nursed. Due to slightly smaller litter size than expected, postnatal mortality and unthrifty pigs, two litters were exhausted after 5 wk, leaving four litters for the 6-wk observation. Residual analysis led to removal of a lipase value at 1 and 2 wk, an amylase value at 4 wk, a trypsin value at 6 wk, and a gastric proteolytic value at 3 wk.
There was a positive allometry associated with weaning in the relationship of both pancreatic weight (PW) and gastric mucosal weight (MW) to body weight (BW). During the period from birth to 6 wk of age, BW and PW increased linearly (P<.01) while MW weight showed linear (P<.01) and quadratic (P<.01) effects (table 2) . Vonk et al. (1957) reported a correlation coefficient of .91 between BW and pancreas dry weight in pigs 9 to 17 wk old. Gorrill and Friend (1970) reported a regression equation of PW (g) on BW (kg) of PW = .99 -+ .08 (BW) + .001 in piglets slaughtered at 3 and 5 wk, two-thirds of which had access to creep feed. A similar relationship was determined from the present study for preweaning data (table 3) ; however, the postweaning relationship showed a markedly greater slope, suggesting a greater relative growth rate of the pancreas during the postweaning period. Arapid increase in BW and PW in pigs from the fourth to the eighth week also occurred in the study of Corring et al. (1978) . Using RNA and DNA concentrations in pancreatic homogenates, they ascribed the increase in PW before 4 wk to hyperplasia of pancreatic cells; subsequent increases involved bLinear effect of age (P<.01).
CQuadratic effect of age (P<.01 ).
both hyperplasia and hypertrophy. Although the time point for these phenomena agrees with the change in allometry in this experiment, it may not be subject to a biological clock but rather may have occurred as a result of the change in diet. A large increase in creep feed intake was also noted at 4 wk by Corring et al. (1978) , making it impossible to discern if the effect was age-related or diet-induced. The increase in MW in relation to BW postweaning may be due to a physical stimulus, i.e., the stretching effect of increased food mass, as well as to the trophic effect of gastrin (Sellers, 1977; Decuypere et al., 1978) . The change from approximately hourly nursing on the sow to less frequent, larger meals at weaning may be associated with less frequent, larger surges of some gastrointestinal hormones.
The total lipase activity increased quadratically (P< .10), with a peak at the 4-wk measurement (table 4), Total activity was low prior to nursing, increased rapidly post-nursing to a level that was quite stable for all ages after 1 wk, except the 4-wk data point. Expression of activity on a per gram pancreas basis revealed a quadratic effect of age (P<.I0), with an increase in activity through 4 wk followed by a decrease at 5 wk which continued through 6 wk. The decline after weaning is not unexpected, if there is any adaptation of enzyme levels to need. The fat content of sow milk can be as high as 40% of the dry matter, whereas the calculated fat content of the diet fed to these pigs was less than 4%. It should be noted that the length of fast imposed in this study did not serve to empty the stomach of digesta in the weaned pigs, as had been desired. There may have been variable repletion of enzyme stores in the pancreas because of the continued release of enzymes in response to the presence of material in the gastrointestinal tract. This may also explain some of the drop in activity after weaning. The values for lipase activity per gram pancreas for 6-wkold pigs continued to decline, however, which suggests that the failure to empty the digestive tract was not the sole cause of the decline in activity.
The pattern of change in amylase activity with age is similar (table 4), whether expressed on a total-or per-gram-pancreas basis. Before nursing, amylase activity is essentially absent, and it increases markedly to 4 wk. This degree of increase is interesting because no creep feed was provided to the pigs. However, sows in this study were not removed from the crate for feeding, so pigs had access to the sow's feed. Access to creep feed prior to weaning at 4 wk has been reported to result in greater total pancreatic amylase activities (Shields et al., 1980a) . Consumption of sow feed may have contributed to the change, but it is unknown whether the limited amount of sow feed that may have been consumed would explain the magnitude of the response seen from birth to 4 wk of age. Hartman et al. (1961) found no difference in amylase activity between pigs on the sow vs those weaned to a solid diet at 1 wk. The magnitude of change from birth to 4 wk reported here is similar to that reported by Hartman et al. (1961) , and greater than that seen by Kitts et al. (1956) . The increase in activity from 5 to 6 wk is probably due to the need for amylase to digest dietary starches. Mourot and Corring (1979) demonstrated that pigs fed a diet with 31% corn starch had 26.9% lower specific activity of pancreatic amylase than counterparts that were fed a 51% corn starch diet after 27 d on experiment.
Total chymotryptic activity increased linearly (P<.01) with age (table 5). Activity increased 17-fold from birth to 4 wk, showed the same 5-wk decline as did the other enzymes, and then increased 3.5-fold at 6 wk. The change in total trypsin activity (table 5) was of a greater magnitude than that of chymotrypsin, and included quadratic (P<.01) and cubic (P<.I0) components. Total activity increased ll.5-fold from birth to 4 wk, then 3.9-fold from 5 t06 wk after the postweaning decline. The 6-wk value was greater than that of all other ages, suggesting a response to dietary demands.
Increases in pancreatic proteolytic enzyme activities have been reported to be due to increases in pancreas size (Lewis et al., 1957) and increased enzyme activity per unit of tissue (Braude et al., 1958; Hartman et al., 1961) . These studies did not make a distinction between tryptic and chymotryptic activity. In the present study, changes in chymotrypsin activities seem to be more directly a result of changes in pancreatic size, whereas changes in trypsin activities seem to be more of a reflection of changes in activity per gram pancreas, especially postweaning.
The chymotrypsin:trypsin ratios (C:T, table 5) of .23 to .78 in this trial are lower than those reported for other nonruminants (rats, mice and chickens; Schingoethe et al., 1970 ) and 3-and 5-wk-old pigs (Gorrill and Friend, 1970) . Values for trypsin reported here agree quite closely with those of Gorrill and Friend (1970) (Gorrill and Thomas, 1967) .
Unlike the pancreatic enzymes, there is no depression associated with weaning in gastric proteolytic activity (table 6). The linear increase in activity per gram mucosa with age (P<.01), coupled with the increase in mucosal weight, ~Mean • SE (optical density 28o/min x 1,000 of trichloroacetic acid soluble hydrolyisis products). bLinear effect of age (P<.01).
CQuadratic effect of age (P<.01). ~l'otal feed intake or change in body weight per pig from weaning to 24 h prior to slaughter (6 d for 5-wk-old pigs and 13 d for 6-wk-oldpigs ).
CAge effect (P<.01).
results in tremendous increases in total activity with age. There is an increase in the rate of change (quadratic effect, P<.01) in total activity following weaning.
Consistent with earlier work (Lewis et al., 1957; Braude et al., 1958; Hartman et al., 1961) was the relatively low gastric proteolytic activity, both per gram tissue and total, for the first 2 wk of life, which was then followed by rapid increases. Artificially reared pigs showed an approximately twofold greater increase in gastric proteolytic enzyme activity with age than those reared on the sow (Decuypere et al., 1978) , suggesting activity is responsive to diet. Adaptation of the activity of gastric enzymes to need also is suggested by the reported increase in N digestibility with time following pancreatic duct ligature in 40-kg pigs (Corring and Bourdon, 1977) . The increase in digestibility may have been due to gastric hypersecretion of HCI and pepsinogens, evidenced by gastroesophageal ulcers in pancreatic-duct-ligated pigs, but not in sham-operated pigs.
The initial weights of the pigs fed the control and added whey diets in trial 2 were 6.20 + .28 and 6.48 + .17 kg, respectively. Feed intake and weight gain (table 7) from 4 to 6 wk favored the pigs fed the added whey diet, but the difference was not significant. The greatest effect of diet was exerted on pancreatic weight at slaughter. Pancreatic weights of the pigs fed the diet with added whey tended to be greater (P<.ll) than those of pigs fed the control diet (table 8) . This is not unexpected when the body weight at slaughter (table 8), which was slightly greater for the pigs fed the added whey diet, is considered. Both pancreatic weight and gastric mucosal weight increased with time postweaning.
The relationship between the weight of the pancreas and gastric mucosa at slaughter to the body weight of the pigs is shown in table 9, Regression lines are similar between diets. A comparison of these regression lines to those of postweaning pigs in the previous trial (table 3) reveals roughly similar lines. There is a slightly larger regression coefficient and smaller intercept of the lines in this trial.
There were no diet x age interactions (P>. 10) in this trial. The main effects of age on enzyme activity are shown in table 10. There was no effect of age on level of activity of lipase per gram pancreas; however, total pancreatic lipase activity did increase (P<.05) due to the large increase (P<.01) of pancreatic weight with age.
There was a marked increase (P<.01) in total amylase activity (table 10), which was a result of an increase in both pancreatic weight and amylase activity per gram pancreas (P<.01). In neither this trial, nor the previous trial, did amylase activity appear to plateau.
Increase in the total activity of chymotrypsin (table 10) with age was not due to an increase in activity per gram pancreas. The failure of chymotrypsin activity to increase on a pergram-pancreas basis was not observed previously, but is similar to that reported by Corring et al. (1978) . Change in total trypsin activity, however, was due both to increase in activity per gram pancreas (P<.01) and increased pancreatic weight.
The protease activity (table 10) per gram gastric mucosa and total activity increased mar- kedly from 5 to 6 wk. The values for both pergram mucosa and total mucosal protease activity at 5 wk of age were lower in this trial than the previous trial, but 6-wk values were higher in this trial. The magnitude of the gastric protease response was greater than that of any of the pancreatic enzymes. The effect of diet on the levels of the various enzymes assayed in shown in table l l. There were no differences between diets with regard to any enzyme assayed. However, mean values of the pigs fed the added whey diet were higher for all four pancreatic enzymes assayed compared with those of pigs that were fed the control diet.
The absolute values of the enzymes assayed tended to be two to three times greater in this trial than in the previous thai. The longer fast that was imposed in this study did suffice to empty the gastrointestinal tract, and may have allowed for greater repletion of enzyme stores. Szabo et al. (1976) reported an environmentaltemperature effect on amylase and lipase levels in the pancreas of 4-to 5-wk-old pigs. Pigs kept at lower temperatures had higher levels of these enzymes. The pigs in this trial were frequently at temperatures below their lower criti- bl unit of activity is equivalent to l l~mol fatty acid released/min.
Cl unit of activity is equivalent to I txmol reducing sugar released/rain.
dl unit of activity is equivalent to I ~mol benzoyI-L-tryosine ethyl ester hydrolyzed/min. el unit of activity is equivalent to 1 I~mol p-toluenesulfonyl-L-orginine methyl ester hydrolyzed/min.
fl unit of activity is equivalent to a change in optical density280 of .001 due to trichloroacetic acid hydrolysis products using bovine hemoglobin as substrate. *P<.05. **P<.01. cal temperature due to extremely cold outdoor temperatures, which the heat-distribution system could not completely counter. The effect of low environmental temperatures on the level of proteolytic enzyme activity is unknown.
Except for the period shortly after birth and after weaning, the pig appears to have sufficient enzymatic capability to digest proteins, starch and lipids at a rate at least as great as the need that could possibly be presented based on physical capacity of the digestive tract. The limited feed intake and weight gain of pigs in the second trial is typical of commercial pork production, but may limit the interpretation of the effects of dietary ingredients on the levels of the digestive enzymes that are stored in their respective tissues of origin. It seems plausible, however, that changes in dietary ingredients may affect digestive hormone levels released in response to feeding, and the resultant release of digestive enzymes into the gastrointestinal tract, more than the storage levels of the enzymes themselves, as evidenced by the disproportionate levels of trypsin and chymotrypsin in intestinal contents of pigs fed different diets, while total activity of intestinal contents plus remaining pancreatic stores remained constant (Efird et al., 1982) . The data reported herein suggest that the influence of chronological age on the ability of the pig to digest dietary components is probably less important than the adaptations necessary to adjust the enzyme mixture to the dietary demands.
